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Altered glomerular permselectivity and progressive sclerosis following
extreme ablation of renal mass. Glomerular permselectivity to macro-
molecules, glomerular morphology, and glomerular localization of
tracer macromolecules in four groups of male Munich-Wistar rats were
studied. Group I rats underwent a laparotomy and sham nephrectomy
and were fed a standard diet. Group 2 rats underwent right nephrecto-
my and infarction of five sixths of the left kidney and were fed a
standard diet. Both groups 1 and 2 rats were studied 7 days after the
surgery. Group 3 rats received the same ablative procedure and diet as
group 2 animals except that they were studied 14 days after surgery.
Group 4 rats underwent the same ablative procedure as in groups 2 and
3 but were fed a low protein diet and were studied at 7 days. This low
protein diet was recently shown by us to prevent the characteristic
increases in glomerular pressures and flows that otherwise occur with
renal ablation. Urinary protein excretion increased more than four-fold
in groups 2 and 3 as compared to group 1. Low protein feeding was
effective in preventing the proteinuria in group 4. Fractional clearances
of the neutral derivative of horseradish peroxidase were not different
among the groups. Likewise, the fractional clearances of neutral
dextrans up to 38 A in molecular radius did not differ statistically in
groups 1, 2, and 3. However, the associated hemodynamic changes in
these ablated animals predict reductions in the fractional clearances of
neutral macromolecules; thus, the observed lack of change in these
fractional clearances suggests the presence of an offsetting glomerular
size-selective defect. In accord with this prediction, fractional clear-
ances of dextrans larger than 38 A in radius were increased in groups 2
and 3, relative to group 1. Studies with charged horseradish peroxidase
and dextran sulfate also demonstrated a defect in the charge-selective
function of the glomerular capillaries, leading to increased fractional
clearances of anionic macromolecules in groups 2 and 3. As with
proteinuria, group 4 was protected from this defect, as evidenced by a
slightly elevated fractional clearance of anionic horseradish peroxidase
which, however, was not significantly different than that of group 1.
Marked structural changes in remnant glomeruli were present in groups
2 and 3. The more marked changes in the latter group included focal and
segmental detachment of endothelial and epithelial cells from the
basement membrane and a progressive increase in mesangial matrix and
cellularity. Native ferritin molecules accumulated to a striking degree
within the mesangium of groups 2 and 3 rats. Group 4 animals were
protected from this accumulation as well as from the structural changes
described in groups 2 and 3. These findings therefore indicate that
proteinuria in rats subjected to severe reductions in renal mass is
associated with defects in the size- and charge-selective properties of
the glomerular capillaries. These changes in permselcctivity are coinci-
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dental with structural alterations of the capillary wall and mesangial
accumulation of fibrin and exogenously administered ferritins. Low
protein feeding is remarkably effective in reducing these functional and
anatomic defects. Thus, our findings suggest that specific defects in
glomerular structure and permselectivity attend the glomerular hemo-
dynamic alterations that occur in remnant nephrons and that these
lesions are prevented largely when the hemodynamic changes are
mitigated.
L'altération de Ia permsélectivité glomérulaire, et de Ia sclérose pro-
gressive après ablation d'une grande partie de Ia masse rénale. La
permsélectivité glomérulaire aux macromolecules, Ia morphologic gb-
mérulaire et Ia localisation glomerulaire de macromolecules traceuses
ant etc CtudiCes chez quatre groupes de rats males Munich-Wistar. Les
rats du groupe I ont eu une laparotomie et un simulacre de néphrecto-
mie et ont recu un régime standard. Les rats du groupe 2 ont eu une
néphrectomie droite et un infarctus des cinq sixième du rein gauche et
ont recu un régime standard. Les rats des groupes 1 Ct 2 ont etC CtudiCs
7jours après Ia chirurgie. Les rats du groupe 3 ont eu Ia mCme ablation
et le mCme régime que ceux des animaux du groupe 2, mais ont été
Ctudiés l4jours après Ia chirurgie. Les rats du groupe 4 ont eu Ia mCme
ablation que ceux des groupes 2 et 3, mais ant recu un régime pauvre en
protCines et ont Cté Ctudiés après 7 jours. Nous avons rCcemment
montrC que cc régime pauvre en protCines prCvient les augmentations
caractCristiques des pressions et des debits glomCrulaires qui soot
habituellement determinées par l'ablation rénale. L'excrétion protéique
urinaire Ctait augmentee de plus de quatre fois dans les groupes 2 et 3
par rapport au groupe 1. Le régime pauvre en protCines a etC efficace
pour prévenir Ia protCinurie dans Ic groupe 4. Les clearances fraction-
nelles des dCrivCs neutres de Ia peroxydase de raifort ne diffCraient pas
entre ics groupes. Dc mCme, Ics clearances fractionnelles de dextran
neutre d'un rayon moléculaire allant jusqu'à 38 A ne différaicnt pas
statistiquement dans les groupes 1, 2, et 3. Toutefois les modifications
hemodynamiques prCsentes chez ces animaux ayant une ablation rénale
permettent de prCvoir des reductions des clearances fractionnelles des
macromolecules neutres; ainsi, l'absence de changement observe de
ces clearances fractionnelles suggère Ia presence d'un défaut glomCru-
laire compensatoire concernant Ia sClectivité en fonction de Ia taille. En
accord avec cette prediction, les clearances fractionncllcs des dextran
d'un rayon supCrieur a 38 A étaient augmentCes dans les groupes 2 et 3
par rapport au groupe 1. Des etudes avec de Ia peroxydase de raifort
chargee et du sulfate de dextran ant egalement démontré un dCfaut de Ia
sélectivitC en fonction de Ia charge des capillaires gbomCrulaires,
aboutissant a une augmentation des clearances fractionnelles des mac-
romolCcules anioniques dans les groupes 2 et 3. Comme pour Ia
protCinurie, Ic groupe 4 était protégé de cette anomalie, comme Ic
montrait une faible ClCvation de Ia clearance fractionnelle de Ia peroxy-
dase de raifort anionique qui était toutefois non significativement
différente de celle du groupe 1. Des modifications structurales mar-
quCes des glomerules restants étaient prCsentes dans les groupes 2 et 3.
Les modifications les plus marquees de cc dernier groupe comportaient
un dCtachement focal et segmentaire des cellules endothéliales et
épithCliales de Ia membrane basale, et une augmentation progressive de
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Ia matrice et de Ia cellularité mbsangiale. Les molecules de ferritine
native s'accumulaient de facori marquee dans le mésangium des rats des
groupes 2 et 3. Les animaux du groupe 4 étaient protCgés de cette
accumulation et des modifications structurales décrites dans les
groupes 2 et 3. Ces résultats indiquent ainsi que Ia protCinurie de rats
soumis a une reduction importante de Ia masse rénale est associée a des
anomalies des propriétés de sélectivité en fonction de la taille et de la
charge des capillaires glomerulaires. Ces modifications de permsélecti-
vité coincident avec des alterations structurales de la paroi capillaire et
l'accumulation mésangiale de fibrine et de ferritine administrées par
voie exogène. Un régime pauvre en protéines est remarquablement
efficace pour réduire ces anomalies fonctionnelles et anatomiques.
Ainsi, nos résultats suggCrent que des anomalies spécifiques de Ia
structure et de Ia permsélectivité des glomérulaires accompagnent les
alterations hemodynamiques glomérulaires qui surviennent dans les
néphrons restants, et que ces lesions sont largement prévenues lorsque
les modifications hCmodynamiques sont atténuées.
Severe reductions of renal mass in the rat result in marked
changes in structure and function of remnant glomeruli.
Glomerular structural changes progress from early disruptions
of epithelial and endothelial cell integrity and mesangial widen-
ing to an ultimate glomerular sclerosis remarkably similar to
that seen in human focal sclerosis [1, 2]. Accompanying this
morphological progression, animals demonstrate glomerular
hyperperfusion and hyperfiltration, proteinuria, hypertension,
and progressive azotemia [2, 3, 4]. Thus, this animal model
resembles structurally and functionally clinical conditions in
man associated with an initial partial destruction of renal
parenchyma followed by proteinuria, progressive impairment of
renal function and glomeruloscierosis.
Proteinuria is a prominent feature of this experimental model
as well as its clinical analogues. To define the mechanism of this
proteinuria, we evaluated glomerular capillary permeability to
several types of macromolecular tracers in rats subjected to
subtotal nephrectomy amounting to approximately 90% of the
total renal mass. We combined these studies with morphologi-
cal investigations of the glomeruli not only to relate the ob-
served alterations in glomerular permselectivity to attendant
structural changes but also to gain insights into the mechanisms
responsible for progressive glomerular sclerosis.
Methods
Experiments were performed on adult male Munich-Wistar
rats weighing 200 to 250 g.
Group 1. Fifteen rats served as a control group and under-
went laparotomy and sham renal ablation by manipulation of
both renal pedicles but without destruction of renal tissue.
These rats were allowed free access to water and a standard rat
diet (Lab Blox, Allied Mills Inc., Chicago, Illinois) both before
and after surgery. They were studied 1 week after the sham
procedure.
Group 2. Fifteen rats underwent right nephrectomy and
infarction of approximately five sixths of the left kidney by
ligation of two or three extrarenal branches of the main renal
artery. As with group I, they were allowed free access to water
and the same diet and were studied 1 week after the ablative
procedure.
Group 3. Fifteen rats also were subjected to the same ablative
procedure as were rats in group 2. They were allowed free
access to water and the standard diet but were investigated 2
weeks following the reduction in renal mass.
Group 4. Ten rats underwent the same ablative procedure as
did rats in groups 2 and 3. They were allowed free access to
water and a low protein diet containing 6% protein but replete
with electrolytes, trace minerals, and vitamins. This diet, which
replaced the standard chow given to the other groups, was
provided for ito 2 weeks prior to surgery and during the 1-week
interval between ablative surgery and experimental study.
Macromolecule clearance studies. Urine samples were col-
lected for 24 hr prior to study for determination of total protein
excretion by the sulfosalicylic acid technique [5].Also, albumin
and total immunoglobulin concentrations of these samples were
determined by the Mancini radial immunodiffusion method [6].
On the morning of study, animals were anesthetized with
mactin (Byk Gulden, West Germany) 100 mg/kg i.p. A trache-
ostomy tube was inserted and the left jugular vein was cannulat-
ed with two polyethylene catheters (PE1O) for infusion of
solutions. The right femoral artery was cannulated with a PESO
polyethylene catheter which was connected to a pressure
transducer (Statham Model P23-DC, Statham Medical Instru-
ments, Puerto Rico). Arterial pressures were recorded with a
Grass Model 79D polygraph (Grass Instrument Co., Quincy,
Massachusetts). The left ureter was cannulated with a PEIO
catheter. During the procedure body temperature was moni-
tored with a rectal thermistor probe and telethermometer
(Yellow Springs Instruments, Yellow Springs, Ohio) and main-
tained at 37°C. A 5% inulin infusion (Arnar-Stone, Mt. Pros-
pect, Illinois) was started about 40 mm prior to the initial
clearance period. Inulin was given as a bolus of 0.6 ml followed
by constant infusion at a rate of 0.034 ml/min. Saline was
administered at a rate of 0.0069 mI/mm through the other jugular
venous catheter. The transit time of urine flow through the renal
tubules and ureter was measured following lissamine green
injection into the jugular venous catheter. Anionic, native, or
cationic horseradish peroxidase (aHRP, nHRP and cHRP,
respectively) was then infused intravenously as a priming dose
of 0.3 to 0.6 ml of a solution containing 0.5 to 1 mg/mI of the
enzyme in 0.15 M sodium chloride over 20 to 30 sec followed
immediately by a constant infusion at a rate between 0.0069 to
0.026 mI/mm to a final amount of 1.1 ml in the 30-mm period.
The preparation and characterization of the horseradish peroxi-
dase and its charged derivatives have been described previously
[7]. The isoelectric points of these tracer macromolecules as
determined by isoelectric focusing in acrylamide gels were less
than 3.7 for aHRP, 7.9 to 8.2 for the main isozyme (93 to 95%)
and 6.9 for the minor isozyme of the native enzyme nHRP and
9.5 to 10.5 for the cationized cHRP; their effective molecular
radii as measured by gel chromatography were 31.2 A, 29.6 A,
and 28.8 A for aHRP, nHRP, and cHRP, respectively. Blood
was collected from the femoral artery by constant withdrawal at
a rate of 0.034 mI/mm for 30 mm. Urine samples were collected
for the coincident 30 mm, corrected for transit time. Immediate-
ly following the urine sample collection, the abdominal aorta
was clamped above the renal arteries, and the kidneys were
perfused with isotonic saline at 120 mm Hg pressure for 4 to 5
mm to remove circulating and unreabsorbed tracer. The left
kidney was then homogenized, sonicated, and kept at 4°C for
determination of reabsorbed peroxidase tracer.
After appropriate dilutions in distilled water the urine, plas-
ma, and kidney homogenates were assayed for peroxidase
activity [8]. Urine and plasma samples were assayed for inulin
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using the anthrone reagent in a colorimetric assay [9]. Clear-
ances of inulin and peroxidases were then calculated. Animals
in groups 1, 2, and 3 receiving nHRP were also given a
polydisperse tritium labeled dextran (specific activity 32 i.Ci/
mg; 200 to 300 iCi/animal). Dextran T40 (mean molecular
weight 44,900) was purchased from Pharmacia Fine Chemicals
(Uppsala, Sweden) and methylated with tritium-labeled methyl
iodide (New England Nuclear, Boston, Massachusetts) by the
method of Hakomori [101. In an additional five experimental
animals of group 2 and four sham-operated animals of group 1,
tritiated dextran sulfate (specific activity 50 p.Ci/ml, 100 pCi/
animal) prepared as described previously [11], was adminis-
tered in the same manner. For gel chromatography of dextrans
in urine (0.062 to 0.2 ml) or plasma (0.2 ml), samples were
mixed with 0.5 ml of blue dextran solution (2 mg/mI) and applied
to a 2.2 x 54 cm column of an acrylamide-agarose mixture
(Ultrogel AcA34 and AcA44, LKB Produkter, Sweden) equili-
brated with 0.05 M sodium phosphate buffer pH 7.4 containing
0.1 M sodium chloride and 0.2 g/liter sodium azide. Fractions
measuring 1.7 ml were collected and analyzed for their isotope
content by standard liquid scintillation procedures (Beckman
Model LS250, Fullerton, California). The columns were stan-
dardized using bovine serum albumin, chymotrypsinogen, and
aldolase. Clearances of macromolecules with radii ranging from
16 to 60 A were calculated (at 2-A intervals) using standard
formulas [7, 11]. The data on measurements obtained in more
than two groups of animals (GFR, proteinuria, HRP, and
dextran clearances) were subjected to one-way analysis of
variance, followed by computation of modified t statistics
between any given two groups [12]. The significance of these
differences was assessed further by simultaneous multiple com-
parisons utilizing the method of Bonferroni and Scheff's test
for a predetermined number of relevant pairwise comparisons,
and Bonferroni's and Tukey's test for all possible combinations
of two groups [121. Statistical significance was defined at P <
0.05 level. All four tests utilized for simultaneous multiple
comparisons consistently showed an identical outcome for any
given pair of values. Measurements obtained in only two groups
(Dextran sulfate clearance) were analyzed by simple t statistics.
Morphological studies. Three to five animals from each
group were used for morphological studies. Immunofluores-
cence microscopy studies were performed on kidneys from
animals anesthetized with mactin as previously described. A
small piece of kidney was snap-frozen in liquid nitrogen. Frozen
sections (2j.) were overlaid with fluorescein-conjugated goat
anti-rat antisera against either fibrin, complement or albumin
(Cappel Laboratories, Cochranville, Pennsylvania) or with fiuo-
rescein-conjugated rabbit anti-rat IgG (Miles Laboratories, Elk-
hart, Indiana), or anti-rat 1gM or IgA (Miles Laboratories). For
light and electron microscopy, kidneys were fixed by perfusion
at the measured arterial pressure with 1.25% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.4); the tissue was rinsed in buffer,
postfixed in 1% osmium tetroxide, dehydrated, and embedded
in epon 812. Thick sections (111) were stained with 0.5%
toluidine blue in 1% aqueous borax. Thin sections (60 to 90 m)
were stained with uranyl acetate and lead citrate and examined
in a Philips 201 electron microscope at 60 KY. For scanning
electron microscopy, tissue samples were dehydrated in graded
alcohols after postfixation, critical point dried with carbon
dioxide, and coated with gold-palladium. The tissue samples
were then examined with an AMR 1000A scanning electron
microscope at 20 Ky.
Tracer localization studies. Two animals from each group
were used for in vivo tracer studies using native anionic ferritin
(p1 4.2 to 4.6) and four from each group were investigated using
a cationized derivative of ferritin (p1 8.5 to 9.3) which had been
prepared and characterized as described previously [131. The
animals were anesthetized by an intravenous injection of mac-
tin. The jugular vein was cannulated with polyethylene tubing
(PE1O) and the ferritin (0.5 mglg body wt) in saline was injected
intravenously over 2 mm. At 2 hr a renal biopsy specimen was
taken and fixed in a 2% paraformaldehyde to 2.5% glutaralde-
hyde mixture. Immediately after the biopsy, the kidney was
perfused with 1.25% glutaraldehyde as described above. Most
of the tissue sample was processed for light microscopy and
stained with Perls' iron stain. The remaining samples were
postfixed in either 1% osmium tetraoxide or osmium ferrocya-
nide [14]. The tissue then was processed for transmission
electron microscopy as described above; the thin sections were
stained for ferritin with alkaline bismuth reagent [15].
Resulls
Animals in group 2 developed proteinuria by 7 days after the
reduction in renal mass and group 3 animals were proteinuric to
a numerically greater but statistically equivalent degree 14 days
following the ablative procedure (Table 1). In all groups,
albumin, as measured by radial immunodiffusion, accounted for
the majority of the total urinary protein. Immunoglobulins were
not present in measurable amounts in the urine in any group. In
all animals subjected to renal ablation total kidney GFR, as
measured by inulin clearance, decreased significantly below the
average two kidney value of 1.70 0.31 mI/mm (mean SD) in
group 1. This decrease was evident regardless of diet or
duration of ablation. Rats in group 3 did, however, demonstrate
a numerically but not significantly greater average value for
GFR measured 2 weeks after reduction of renal mass than was
found in group 2 rats measured only 1 week after the procedure,
despite similar degrees of ablation in both groups. Thus, despite
reductions in filtration in groups 2 and 3, compared to sham-
operated animals, protein excretion was approximately five-
fold greater in these two groups. Hence, when factored for total
GFR, average protein excretion rates were about thirty-fold
greater in the rats of groups 2 and 3 than in control animals.
Group 4 animals had lower absolute protein excretions per 24 hr
than those of the sham-operated animals, although, if factored
for filtration rates, their protein excretion was approximately
four-fold increased. Nevertheless, this rate was still much less
than in the other two groups subjected to the same subtotal
nephrectomy. Thus, severe reduction of renal mass leads to
substantial proteinuria, and the magnitude of this proteinuria is
lessened markedly by the low protein diet.
Macromolecule clearance studies. Fractional clearances of
neutral dextran polymers were measured across a wide range of
molecular sizes in groups 1, 2, and 3 (Table 2). In all animals,
there was progressive restriction to filtration of neutral dextran
macromolecules with increasing radius. Over the range from 16
to approximately 38 A both groups 2 and 3 had generally higher
average fractional clearance values for uncharged dextrans
when compared to sham-operated animals. This difference
became numerically more evident in the size range for 40 to 60
A (Table 2) in both groups 2 and 3 and attained statistical
significance in group 3.
The difference in the sieving curves for dextran between the
sham-operated animals (group 1) and those subjected to subto-
tal nephrectomy and studied at 7 and 14 days postsurgery
(groups 2 and 3, taken together) was further analyzed by
comparing the slope of the curves obtained by performing the
least squares linear regression of the log transformed fractional
clearance values for individual dextrans against their respective
molecular radii in any given animal. The mean slope (±sD)
obtained from five sham-operated animals was —0.0832
0.0113 while the mean slope for 11 experimental animals
(groups 2 and 3) was —0.0726 0.0058, a value significantly
different from controls at P < 0.025.
Table 1 presents data comparing the fractional clearances of
aHRP, nHRP, and cHRP. In group 1 animals, the fractional
clearances of the three differently charged horseradish peroxi-
dases were similar to the pattern previously described for
normal rats 171. Thus, the aHRP had a lower fractional clear-
ance than the nHRP while the cHRP had a higher fractional
clearance than the nHRP. These differences in fractional clear-
ance were obtained despite the fact that all three tracer proteins
were of similar molecular size, approximately 30 A and reflect
the charge-selective filtration properties of the normal glomeru-
lar capillary wall [16, 171. Animals in group 2 demonstrated a
qualitatively similar pattern of fractional HRP clearance, that is,
aHRP < nHRP < cHRP. However, when compared to group 1
animals, important differences appeared in these animals sub-
jected to subtotal nephrectomy. Whereas the fractional clear-
ance of nHRP was similar in groups 1 and 2, the aHRP
displayed a higher fractional clearance in group 2 than in group
1 animals. For the cationic tracer cHRP, the reverse trend was
observed, namely, a significantly lower value of fractional
clearance in group 2 when compared to group 1 animals. These
changes are consistent with a functional reduction of glomerular
fixed negative charges and a consequent diminution in the
charge selectivity of the glomerular wall to charged macromol-
ecules. This conclusion was further supported by studies using
a broad range of anionic dextran sulfate sizes. The fractional
clearances of this polymer across the range of molecular radii
studied are summarized in Table 3. In the range of radii from 16
to 34 A, which includes the radius of the HRP tracers, group 2
animals had significantly increased fractional clearances rela-
tive to sham-operated group I rats.
Group 3 animals demonstrated a pattern of changes in
horseradish peroxidase clearances similar to that displayed by
group 2 animals. However, the difference between the mean
fractional clearance of aHRP in group 3 animals when com-
pared to group 1 did not attain statistical significance in spite of
the 2.7-fold increase observed in the experimental group. The
lack of significance in this comparison is due to a relatively high
value of the within group mean square in the analysis of
variance brought about by the high standard deviation seen in
group 2. By contrast, group 4 rats with a similar degree of renal
ablation showed no significant change in the fractional clear-
ance of aHRP relative to group 1, suggesting relative preserva-
tion of charge selectivity in this group, a finding which is in
keeping with the lower rate of protein excretion observed in this
group as well. As in groups 2 and 3 there was no significant
change in fractional clearance of nHRP in group 4, relative to
values in sham-operated rats of group 1.
Morphological studies
Light microscopy. In group 1 the glomeruli were normal by
light microscopic examination. Focal segmental lesions includ-
ing osmiophilic droplets in glomerular epithelial cells, slight
increase in mesangium and occasional bleb-like formation in
podocytes were noted as early as 7 days following subtotal
nephrectomy in group 2. By 14 days in group 3, damage to
glomeruli was even more widespread and severe than in group 2
although a range of injury with some glomeruli demonstrating
relatively little alteration was observed. The mesangium defi-
nitely increased in most glomeruli at this stage (Fig. lA), and
epithelial blebs had become larger and more prominent. Occa-
sional adhesions of a glomerular segment to Bowman's capsule
could be seen (Fig. lB). Focal interstitial fibrosis was present
near severely damaged glomeruli. Generally, tubules were
dilated and frequently contained hyaline casts. Increased ad-
ventitia was present in many arteries and arterioles. Group 4
animals displayed few, if any, of the abnormalities observed in
the group 2 rats. Thus, osmiophilic droplets were largely absent
in the glomerular epithelial cells, mesangial expansion was not
2
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aHRP
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(10)
10 3.9
(15)
43 27d
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Table 1. Comparison of GFR. protein excretion, and fractional clearances of anionic (aHRP), neutral (nHRP), and cationic (cHRP) horseradish
peroxidase
Fractional clearance
Groupst' GFR mi/mm
a Values are mean I su; figures in parentheses are numbers of animals: NT, not tested.
t' Significance level of differences between groups was established by one-way analysis of variance, modified t statistics, and simultaneous
multiple comparisons with m = 4 and m = 6 comparisons by the methods of Bonferroni, Tukey, and Scheffé [12].
This value is twice the mean GFR SD measured in the left kidney and represents an estimate of the total GFR for both kidneys in this group.
P < 0.05 as compared to group I.
a P < 0.05 as compared to group 2.
0.006 ÷ 0.001
(5)
0.025 0.Ol2d
(5)
0.016 0.003
(4)
0.009 0.003e
(5)
cHRP
0.050 0.013
(5)
0.063 0.013
(5)
0.067 0.015
(6)
0.050 0.010
(5)
0.291 0.033
(5)
0.228 0.024's
(5)
0.193 0.007"
(5)
NT
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Table 2. Fractional clearances of neutral dextran in groups I to 3 (U/P)dCX(r,,fl/(U/P)uIi (mean SD)
ae Effective molecular radius (A)
Groupsa 16 18 20 22 24 26 28 30 32 34 36
0.868 0.851 0.855 0.776 0.635 0.477 0.350 0.243 0.164 0.111 0.072
0.068 0.039 ÷ 0.074 0.123 0.114 ÷ 0.083 0.067 0.039 0.021 0.015 0.009
2 0.969 0.876 0.804 0.705 0.593 0.471 0.365 0.273 0.201 0.145 0.103
0.294 0.175 0.137 0.114 0.084 0,042 + 0.029 0.022 -- 0.029 0.033 0.030
3 1.004 0.979 0.891 0.747 0.608 0.499 0.374 0.279 0.199 0.140 0.097
÷ 0.147 0.141 0.148 -- 0.109 0.098 0.076 0.047 0.037 0.028 0.017
Table 3. Comparison of fractional clearances of dextran sulfate in groups I and 2 (U/P)d,,xr. uiateI(UIP)ir,uii,, (mean SD)
Effective dextran sulfate radii (A)
16 18 20 24 26 28
Group I
Mean SD 0.157 0059 0.071 0.037 0.033 0.026 0.020 0.019 0.014 0.013 0.011 0.009 0.009 0.005
Group 2
Mean SD 0.362 + 0.099a 0.233 -- 0.062" 0.149 0.043a 0.085 0.031a 0.053 0.025a 0.048 0.02& 0.059 + 0.035a
a P < 0.05.
Fig. 1. Light micrographs of glomerulifrom experimental animals 14 days after surgery (group 3). A Glomerulus with dense epithelial reabsorption
droplets (arrowheads) and cytoplasmic blebs (arrow). Note also an expansion of the mesangium. B Glomerulus with small adhesion between
Bowman's capsule and segment of glomerular tuft (arrows) (Toluidine blue, x300).
discernible, and the bleb-like detachment of podocytes rarely mesangial areas and nearby glomerular basement membrane in
was noted. some glomeruli also contained fibrin-related antigen. Group I
Immuno,fluorescence microscopy. At both 7 and 14 days after animals failed to reveal positive immunofluorescence findings.
renal ablation in groups 2 and 3, respectively, neither immuno- Electron microscopy. In group 2, glomerular endothelial cells
globulins nor complement were detected in the glomerular were lifted focally from the basement membrane. Epithelial
basement membrane or mesangium. However, reabsorption cells demonstrated the protein reabsorption droplets noted as
droplets in the glomerular epithelial cells were positive for osmiophilic droplets by light microscopy. In addition, the
albumin (Fig. 2). Arterioles and small arteries occasionally cytoplasm of these cells was attenuated and this attenuation
contained fibrin-related antigen in the media. At 14 days accounted for the blebs seen by light microscopy. Lastly, focal
a
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Table 2. (Continued)
a Effective molecular radius (A)
38 40 42 44 46 48 50 52 54 56
0.048 0.032 0.021 0.014 0.0091 0.0059 0.0038 0.0025 0.0017 0.0011 0.0007 0.0005
0.006 0.005 0.004 0.003 0.0025 0.0018 0.0013 0.0010 0.0007 0.0005 0.0004 0.0003
0.070 0.047k 0.032k 0.022 0.0149 0.0097 0.0070 0.0048 0.0033 0.0023 0.0016 0.0011
0.020 0.012 0.008 0.006 0.0045 0.0027 0.0025 0.0019 0.0015 0.0010 0.0008 0.0006
0.068 0.048k 0.035" 0.023" 0.0154" 0.0108" 0.0080" 0.0056b 0.0040" 0.0030" 0.0022" 0.0015"
0.015 0.009 0.006 0.007 0.0047 0.0034 ÷ 0.0023 0.0018 ÷ 0.0014 + 0.0011 0.0008 0.0007
Differences between groups I and 2 and between groups I and 3 were determined by one-way analysis of variance, modified t statistics, and si-
multaneous multiple comparisons by the method of Bonferroni (m = 2 comparisons) 1121.
"P < 0.05.
Table 3. (Continued)
Effective dextran sulfate radii (A)
30 32 34 36 38 40 42 44
0.006 0.005 0.004 0.004 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002
0.057 0.025 0.039 0.021a 0.019 0.008a 0.010 0.007 0.007 + 0.005 0.010 0.007 0.008 0.006 0.006 0.007
Fig. 2. Immunofluorescent micrograph of glomerulus from experimen-
tal animal 7 days after .,urgery (group 2) using anti-albumin antiserum.
Note granular deposition corresponding to reabsorption droplets in
glomerular epithelial cells (x480).
areas of mesangium expanded due to increases of both mesan-
gial cells and matrix (Fig. 3A). Group 1 animals showed none of
these changes.
Fourteen days following reduction of renal mass in group 3
animals, the morphology of individual glomeruli was quite
heterogeneous. Less severely affected glomeruli were similar to
those described above at 7 days except that the mesangial
elements were more prominent (Fig. 3B). In addition, some
podocytes had separated in part from the basement membrane
(Fig. 4A). Transmission electron microscopy confirmed the
severe damage seen by light microscopy in other glomeruli.
Large expanses of denuded basement membrane were present
where the epithelial cells had become detached from the lamina
rara externa of the glomerular basement membrane (Fig. 4B).
Attenuations of podocyte cytoplasm as represented by blebs on
scanning electron microscopy (Fig. 5) were more numerous and
frequently larger than those present at 7 days. Mesangium
increased greatly both in amount of matrix and in numbers of
cells (Fig. 3B). The adhesions observed between single glomer-
ular segments and Bowman's capsule were characterized by
separation of the overlying glomerular epithelial cells from the
glomerular basement membrane which was split at the lamina
densa (Fig. 6). Fibrin was seen sometimes in the urinary space
near these adhesions. Other capillary loops within glomeruli
with such adhesions were not as severely injured. Glomeruli
from animals at 7 and 14 days after renal ablation had a similar
appearance when examined by scanning electron microscopy
except for the more numerous blebs seen at the later time
period.
Group 4 animals displayed a striking attenuation of the
findings present by light microscopy in the glomeruli of group 2
animals (Fig. 3C). Specifically, the alteration of endothelial and
epithelial cell layers was largely absent in group 4. Further-
more, the mesangial expansion and epithelial protein reabsorp-
tion droplets were diminished markedly in this group. Electron
microscopy confirmed this protective effect of a low protein
diet.
Tracer localization studies. Native anionic and cationized
ferritin were distributed about the peripheral glomerular base-
ment membrane in group 1 rats as previously described [131.
Specifically, the former penetrated only to the lamina rara
interna while the latter crossed the basement membrane reach-
ing the subepithelial region. The number of particles seen in the
subendothelial and subepithelial layers of the glomerular base-
ment membrane in animals receiving the cationized derivative
greatly exceeded that seen in rats injected with the anionic
58 60
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Fig. 3. Transmission electron micrographs of representative glomerulifroin experimental animals. A Group 2 rat. There are increased numbers of
mesangial cells (M) and the matrix is expanded. B Group 3 rat. Pronounced mesangial changes are evident in this group of animals.
fl'
I
—
P.ca.,
S
Glomeru/ar permselectivity and sclerosis after renal ablation 119
Fig. 3. C Group 4 rat. Compared to A and B the changes seen in this group are far less prominent. (Uranyl acetate and lead citrate, x6000).
Fig. 4. Transmission electron micrograph of glomerulus from an experimental rat 14 days after renal ablation (group 3). A Glomerular epithelial
cells (E) separated (arrowheads) from the basement membrane overlying the mesangial matrix (*). B Denuded areas of capillary basement
membrane (arrows) where the gloinerular epithelial cell (E) has become detached. (Uranyl acetate and lead citrate, x 14,700).
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Fig. 5. Scanning electron micrograph from glomerulus of experimental
animal 14 days after renal ablation (group 3). B Prominent blebs
present on an epithelial cell, which, in addition, shows focal loss of
interdigitating processes (x4,400).
native ferritin. Ferritin particles were never observed in the
urinary space in sham-operated animals. The amount and
distribution of these two electron dense tracers in the glomeru-
lar basement membrane of animals from any of the experimen-
tal groups (2 to 4) were not different from that seen in sham-
operated animals. However, both native ferritins and cationic
ferritins were seen in the urinary space near areas where
epithelial cells had detached from the glomerular basement
membrane in groups 2 and 3.
The amount of ferritin in the mesangium in experimental
animals of groups 2 and 3 greatly exceeded that seen in sham-
operated controls. This difference could best be demonstrated
by light microscopy in animals injected with cationic ferritin
(Fig. 7) and by electron microscopy in animals injected with the
anionic tracer (Fig. 8). Animals on a low protein diet (group 4)
showed a marked reduction in the amount of both tracers that
was detected in the mesangium (Figs. 7D and 8D). indeed, the
amount of ferritin associated with the mesangium in these
animals was similar to that of the group 1 controls.
Discussion
GFR was reduced markedly in all three of the experimental
groups subjected to renal ablation. Assuming that the measured
GFR in the left kidney of group 1 control animals is matched by
that of the right kidney, then the total GFR per animal in the
experimental groups was reduced to approximately 20% of the
total GFR in the sham-operated animals (Table I). Our previous
studies [41 show that this fall in total GFR consequent to the
severe reduction in renal mass is associated with a remarkable
increase in the single nephron (SN) GFR of remnant nephrons.
This increment in SNGFR is brought about largely by adaptive
increases in glomerular plasma flow rate and transcapillary
hydraulic pressure difference. Despite such readjustments of
glomerular hemodynamics, the accompanying increase in
SNGFR values in remnant glomeruli is insufficient to restore
total GFR to more than a small fraction of the value which
prevailed prior to renal ablation.
Absolute protein excretion was increased markedly in groups
2 and 3, despite the pronounced reductions in total GFR in
these animals. It seems likely that this proteinuria is of glomeru-
lar origin for several reasons, First, the increment in protein
excretion was quantitatively large and composed mainly of
albumin rather than low molecular weight tubular proteins."
Furthermore, the morphological evidence favors increased
rather than decreased proximal tubular reabsorption of protein
because protein reabsorption droplets were increased in this
segment. The presence of protein reabsorption droplets in the
glomerular epithelial cells also adds to the likelihood that the
proteinuria stems from one or more defects in glomerular
permselectivity.
To investigate the mechanisms whereby severe reductions in
renal mass induce an increase in the transglomerular passage of
macromolecules, fractional clearances of neutral dextran were
measured. As shown in Table 2, sham-operated animals (group
1) showed mean fractional clearance values for the smallest
dextrans (ae = 16 to 20 A) to be reduced slightly. We interpret
this reduction in part due to variability within the group; some
normal animals showed a fractional clearance for the smaller
dextran of less than 1, while other animals showed restriction
only for dextrans 20 A in molecular radius and greater. For
animals studied both at 7 and 14 days after renal ablation, the
fractional clearances of neutral dextrans with radii in the range
of 26 to 38 A increased only minimally, but statistically they
were not different from values measured in sham-operated
group 1 rats. Our previous studies have demonstrated that in
such rats glomerular plasma flow rate and transcapillary hy-
draulic pressure differences at 7 days have risen substantially
over the values in sham-operated animals [4]. Both theoretical
considerations and experimental evidence indicate that such
changes in glomerular hemodynamics should result in reduced
fractional clearances of neutral dextran polymers [181. Thus,
the near normal values for this measurement in group 2 animals
in the face of hemodynamic changes tending to reduce fraction-
al clearances suggest some defect in the size-selective proper-
ties of the glomerular capillary wall. This possibility is given
further support by the observation that for molecules with radii
in the larger size range of 38 to 60 A, the fractional clearances
were indeed greater in the animals of groups 2 and 3 than in the
sham-operated rats of group 1. Hence, both the elevated
fractional clearances of the larger dextrans as well as the higher
than predicted fractional clearance values for dextrans with
radii less than 38 A bespeak a defect in the size-selective
properties of the glomerular capillary wall.
Such a size-selective defect corresponds with the findings of
Robson et al who demonstrated an increase in the fractional
clearance of another neutral polymer, polyvinylpyrrolidone, in
rats subjected either to subtotal nephrectomy or unilateral
pyelonephritis [19]. In that study, the fractional clearances were
elevated measurably for polyvinylpyrrolidone molecules in the
size range of 20 to 40 A of radius suggesting a more severe
defect than in the present study. Indeed, proteinuria was
greater in the animals in that study. Perhaps, the more severe
defect described by these investigators was due to the some-
what longer time interval between ablation and study, the
difference in tracer molecules employed, or the inclusion of
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Fig. 6. Transmission electron micrograph of glotnerulus with early adhesion in experimental rat 14 days after surgery (group 3). There is an
apparent disruption of glomerular basement membrane where the visceral epithelial cell (VE) has separated from the basement membrane (arrows)
overlying the mesangial matrix (*)• Other abbreviations are: Bowman's capsule, C; parietal epithelial cell, PE (Uranyl acetate and lead citrate,
x7,920).
animals with pyelonephritis as well as those more like the ones
in the present study with surgical ablation and infarction. In any
case, a size-selective defect in glomerular permselectivity ap-
pears to result from a reduction in renal mass per Se.
In addition to this defect in the size-selective properties of the
glomerular wall, we also evaluated the effects of surgical
ablation of renal mass on the charge-selective determinants of
the glomerular filtration of macromolecules. Using horseradish
peroxidases, we found that the pattern of fractional clearances
in the sham-operated rats of group 1 was similar to that
observed previously in normal rats [7]. Specifically, native
horseradish peroxidase with a near-neutral isoelectric point
displayed a fractional clearance significantly greater than that of
the anionic derivative and significantly less than the cationic
derivative. These differences were obtained despite similar
molecular radii for all three proteins and reflect the normal
charge-selective property of the glomerular filter. This property
is responsible for retarding the filtration of negatively charged
macromolecules and enhancing filtration of positively charged
ones [16, 171. Such selectivity appears to result from electro-
static interactions between fixed anionic charges residing in the
glomerular capillary wall and circulating charged macromol-
ecules. Animals in groups 2 and 3 demonstrated remarkable
changes in the fractional clearances of these charged tracers
when compared to the normals. As shown in Table 1, reduction
of renal mass in both groups led to a striking reduction in the
effectiveness of the charge-selective glomerular barrier. This
reduction was reflected not only in the increased fractional
clearances of the anionic horseradish peroxidase in these two
groups compared to that of the group I rats but also by the
decreased fractional clearances of the cationic derivative. As
with neutral dextran molecules in the same size range (30 A),
there was no net effect on the fractional clearance of the neutral
horseradish peroxidase in any of the experimental groups. The
charge defect in group 2 animals was confirmed further by use
of another charged macromolecular tracer, namely dextran
sulfate. In these animals, the fractional clearances of this
anionic congener of neutral dextran were elevated across a wide
range of molecular radii when compared to the values measured
for similar sizes in group 1. Thus, the present data indicate that
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Fig. 7. Light micrographs of glomeruli from animals following intravenous injection o.f cationicfrrritin. A Group I rat. There is virtually no iron
staining in mesangial areas. B Group 2 rat. There is segmental staining in the mesangium. C Group 3 rat. Slightly increasedmesangial staining is
noted when compared to group 2 animals. D Group 4 rat. Minimal iron staining is seen in mesangial areas (Pen's iron stain, x480).
animals subjected to severe reductions of renal mass develop a
defect in the ability of their glomerular capillaries to exclude
negatively charged macromolecules. Because albumin is a
polyanion at physiological pH, in all likelihood this defect also
contributes significantly to the development of albuminuria.
Despite similar degrees of renal ablation to groups 2 and 3
rats, low protein feeding in group 4 animals offered protection
from the development of proteinuria. The mechanism of this
protection appeared to reside in a rather striking amelioration of
the glomerular charge-selective defect because the fractional
clearance of the anionic horseradish peroxidase in this group
increased only slightly but statistically was not different from
that in the sham-operated animals in conformity with the
observed increase in fractional protein excretion. Previous
measurements of glomerular hemodynamics in rats with similar
degrees of renal ablation have demonstrated that low protein
feeding largely prevents the striking increases in glomerular
pressures and flows which occur in the remnant glomeruli of
rats fed a standard diet [41. Our light and transmission electron
microscopic studies also show that when these so-called com-
pensatory hemodynamic alterations were mitigated by the low
protein diet, the structural alterations which occurred in the
remnant glomeruli were also largely prevented. The present
data provide more quantitative evidence for this glomerular
protective effect of a low protein diet, in that, proteinuria, as
well as structural damage, was ameliorated markedly by this
maneuver. Moreover, the studies with anionic horseradish
peroxidase indicate that the mechanism of this protection
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Fig. 8. Transmission electron micrographs illustrating representative mesangial areas 2 hr following intravenous injection of native ferritin. A
Group I rat. B Group 2 rat. C Group 3 rat. D Group 4 rat. There is marked increase of ferritin in the mesangial matrix in animals from groups 2 and 3
(B, C) when compared to group I animals (A) or animals with the same degree of renal ablation on a low protein diet (D). (Osmium ferrocyanide and
alkaline bismuth stain, >< 15,400).
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Fig. 8. (Continued)
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against the development of albuminuria appears to involve the
preservation of the charge-selective properties of the glomeru-
lar capillary wall.
The results of the morphological studies of the glomeruli of
these animals provide a number of possible structural correlates
to the abnormal glomerular permeability. The injury to endothe-
hal cells seen in groups 2 and 3 are noteworthy because it has
been suggested that the capillary endothelium and the underly-
ing lamina rara interna regulate the access of macromolecules to
the glomerular basement membrane. Thus, endothelial cell
lifting could result in the increased filtration of negatively
charged macromolecules by enhancing their admittance to the
filter [17]. The majority of alterations seen in glomerular
epithelial cells, including the appearance of microvilli, fusion of
foot processes, and increased protein reabsorption droplets, are
thought to be the result rather than the cause of proteinuria.
Separation of glomerular epithelial cells from the glomerular
basement membrane and mesangial matrix leading to the bleb-
like structures as seen in the present study also has been
demonstrated in diseased human as well as rat kidneys [20—22].
The presence of ferritin (ae = 60 A) in the urinary spaces
adjacent to basement membrane denuded by such separation of
the podocytes offers the appealing possibility that this abnor-
mality may represent the morphologic equivalent of the ob-
served size selective defect, contributing to the increased
permeability to macromolecules in this model. On the other
hand, the anionic sites present in the lamina rara externa may
be important elements for the attachment of epithelial cells [23,
24]. Thus, our studies using the charged tracer molecules,
which indicated an effective decrement in glomerular fixed
negative charge, suggest that both the abnormal permeability to
charged macromolecules and the detachment of the epithelial
cells may share a common cause, namely a reduction in critical
fixed negatively charged groups at specific sites within the
glomerular capillary wall.
The changes in the mesangial region as demonstrated by the
microscopic studies and the ferritin tracer experiments suggest
a potential pathogenetic relationship between the progressive
mesangial expansion and eventual sclerosis on the one hand and
the increase in the amount of circulating macromolecules in the
mesangial matrix on the other. The present microscopic stud-
ies, particularly those in group 3 rats 14 days after the ablative
procedure, illustrate pronounced mesangial widening and focal
sclerosis alterations that become even more pronounced with
time [1, 2]. In groups 2 and 3 animals, these changes were
associated with evidence of glomerular deposition of circulating
proteins, especially fibrin. The studies with the large anionic
tracer, ferritin, demonstrate quite strikingly the abnormal depo-
sition of this tracer in the glomerular mesangium in animals at
both 7 and 14 days after the reduction in renal mass. It seems
most likely that this and other macromolecules gain increased
access to the mesangium by virtue of the hemodynamic changes
described previously [41 and the defects in charge and size-
selectivity which contribute to the increased filtration of macro-
molecules into the urinary space. The effective prevention of
mesangial accumulation of the tracer ferritin in group 4 animals
agrees with this suggestion because both the hemodynamic
abnormalities and the charge-selective defect appears to have
been vitiated in these animals. Of course, the mesangial accu-
mulation of ferritin may reflect more than the altered capillary
permeability and increased entry of macromolecules because
changes in the mesangial deposition of these proteins could
contribute obviously to accumulation in this region as well [25].
In any case, as suggested previously, the accumulation of
proteins within this region may represent the stimulus to
increased mesangial cell proliferation and/or matrix formation,
leading to progressive expansion and eventual obliteration of
the glomerular capillary tuft [26, 27]. Again, the animals sub-
jected to severe reductions of renal mass but fed a low protein
diet support this possibility since they accumulated far less
ferritin within their mesangium and, at least at 1 week, demon-
strated less disruption of the glomerular structure than the rats
with similar degrees of ablation but fed the standard diet.
Recent studies of Kleinecht et al indicate that even less severe
reductions in protein intake decreases the mortality rate of rats
over the months subsequent to surgical reductions in renal mass
[28]. Although those studies did not include microscopic exami-
nations, it seems likely that the salutary effects of the low
protein diet in the longer time period resulted from an ameliora-
tion of the progressive glomerulopathy, perhaps in part by this
effect on the mesangium.
A hypothesis concerning the sequence of events following
severe reductions in renal mass can be constructed relating the
various hemodynamic, permeability, and morphologic alter-
ations. Our previous studies [4] demonstrated that single neph-
ron glomerular hyperfiltration (due to increases in the transcap-
illary hydraulic pressure gradient and glomerular plasma flow
rate) occurs very early following reductions in renal mass and
these hemodynamic events lead to direct glomerular damage by
7 days. A similar association between glomerular hyperfiltra-
tion and hyperperfusion and mesangial expansion and focal
sclerosis has been suggested by Azar et al in uninephrectomized
"post-salt" hypertensive rats [29]; Feld et al [30] have also
assumed that such morphologic changes are the result of a
relative inability of the deep cortical nephrons to autoregulate
glomerular hemodynamics in the spontaneously hypertensive
rat. This injury to the glomerular microvasculature results in an
increase in glomerular permeability to anionic and large macro-
molecules due to an effective loss of glomerular fixed negative
charges and an associated defect of the sieving properties of the
capillary wall. The direct result of this increased permeability is
albuminuria. However, it may also lead to the observed in-
creased accumulation of circulating macromolecules in the
mesangium. Whether mesangial damage is caused directly by
the hemodynamic alterations or the consequent insudation of
macromolecules is not yet clear. In any case, the mesangial
elements continue to increase until glomerulosclerosis results.
Such a sequence of events may be generally applicable and
not limited only to extreme surgical ablation. For example, any
of a number of initially destructive processes may critically
reduce renal mass, but then surviving, relatively undamaged
glomeruli may proceed through a process of destruction as
outlined above which would be largely independent of the initial
injury and dependent only on some critical loss of glomeruli.
This general possibility may explain the clinical observation
that patients with a wide variety of renal diseases regularly
demonstrate a predictable progression of their renal insufilcien-
cy to renal failure [31, 32]. Moreover, such progression in
association with significant proteinuria has been documented
when the initiating injury clearly has disappeared and other
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recognized damaging factors have been excluded 33, 341. Also,
a variety of primarily tubulointerstitial diseases eventually
demonstrate unexplained focal and segmental glomerular scle-
rosis. The suggestion that similar hemodynamic alterations in
juxtamedullary glomeruli are directly responsible for the mor-
phologic alterations seen in patients with idiopathic nephrotic
syndrome and focal glomerular sclerosis is compelling but
remains speculative at the present time. Thus, the proposed
final common pathway may underlie the ultimate sclerotic
destruction of remaining glomeruli after a broad range of initial
renal insults.
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